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EIJWTRICALPRESSUREINTEGRATOR

By~tileighP.Heifer

Thedesignofan instrumentutilizingWhetstonebridgetypeof
pressuresensingunitsthatis capableofintegrationofairfoilpres-
suresintoa quantityrepresentativeofthenormalforceandpitching
momentactingontheairfoilispresented.Subsequentdivisionofthe
integratoroutputby dynamicpressureq resultsinnorml-forceand
momentcoefficients,~ and ~, withouttheneedforlengthymanual
integrationsofmanometerdata. Flightandwind-tunnelversionsofthis
instrumentarebrieflydescribedalongwithsamplesoftest&ta obtained
fromthem.Designequations”arepresentedandfactorsaffectinginstru-
mentaccuracyarediscussed.Thehighaccuracyandversatilityofthis
instrument,accompaniedby thelargesavingof’timerequiredfordata
reduction,rendersita veryvaluableresearchtool.

INTRODUCTION

Theeffortnecessaryto convertmanuallypressuredataintoforce
andmomentcoefficientshasbeena largehindranceintheapplicationof
thepressuretechniquefortheacquisitionofaerodynamicdata.Brief
pericdsoftunneloperationwouldprcducepressurerecordsthatwould
satu=tethecomputingsectionforextendedpericilsandthuslimittun-
nelusefulnessby regulatingtherateatwhichdataofthistypecould
bepresented.Flighttesting,unfortunately,alsoexperiencesthissame
limitation.Itthusbecameapparentthat,tithlimitedcomputermanpower
available,a rapidandaccuratemeansof obtainingforceandmomentcoef-
ficientswasan essentialprerequisitetotheplanningofprogramaof
thistype.Equipmentdescribedhereinwasdesignedtomeetthisneed
withouta sacrificeinaccuracy.

Thefunctionofpressureintegratorsmaynotbe apparent.Thus,a
briefreviewofthemethodofobtainingforcesandmomentsonairfoil
sectionsby themessurementofpressuresmaybe inorder.Normllythere
arefrom30to~ pressureorificesincludingtopandbottomat each
spanwiselocationonan airfoilsection,withasmanyspanwiselocations
astheavailablespaceandinstrumentationpermit.In orderto obtain
airfoilnormal-forceandmomentcoefficients~ and ~ therecords
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pressuresareread,thepressures
Ap/q,anda pressure-distribution
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P

convertedtopressure
diagramplotted.This

pressurediagramis constructedbyplottingAp/q,withproperobser-
vationof sign,astheordinateandtheorificelocationinpercentchord
as theabscissa.A typicalpressure-distributiondiagramis showninfig-
ure1. Thisdiagramisthenintegratedwitha planimetertypeof inte-
gratorto obtainforceandmomentcoefficients.

A numberofinstruments,whichperfomthecompletejobofmeasuring
thepressuresandintegratingtheresults,havebeendesigned’Probably
themostfamiliaristheintegratingmultitubemanometer.Thisinstru-
mentconsistsofa numberofprecisionboretubes,connectedtoa common
sump,thelevelofwhichindicatestheintegrationandisreadona glass
indicatingtubewitha scaleattached.Sincealltheprecisionbore
tubesareusuallyofthesamediameter,eachtubecontributesanequal
amounttothetotalintegratedvalue.In orderto compensateforuneven
orificelocations,severaltubesaresometimesparalleledforone
orifice.Anotherdeviceconsistsofa m&al beamandbellowsarrangement
withlargebellows-ontheendsconnectedtopressureregulatorswhich
keepthebeamorientedina horizontalposition.Thepressuresinthese
bellowsaremeasuralwithmercurymanometers.Smallbellowareconnected
to orificesinthetopandbottomsurfacesofthemodelandarespacedon
thebeamthesameas theorificesonthemcxlel.If ~ percentchordis
chosenasthecenterofmoments,theactualmomentisproportionalto the
differenceofreadingsfromthetwoendbellowsandnormalforceispro-
pOI’ti-l tO theSUIIL Bothoftheseinstrumentsoperatesatisfactorily
buthavenotbeenusedextensivelybecauseofthelimitationstheyimpose
onorificelocations,theirsizeandcomplexity,theneedforprecision
parts,ortheirlackofadaptabilityto changingrequirementsinthe
researchwork. Theelectricalintegratortobe describedovercomessome
butnotalloftheselimitations.-

Theheartoftheelectricalinstrumentisa groupofelectrical I
pressungageswhichconvertthepressuresto electricalvoltagesor
currents.Thesegageoutputsareproperlymdifiedor“weighted”for
thelocationsandeffectiveareasoforificesandthenelectricallyadded
to givea singlevoltageor currentproportimaltotheareainthepres-
surediagmm. Theresultisnormalforce.Thisquantityisthenusedto
indicate,print,orplotthefinalresults.Momentis similarlyobtained
by consideringmomentarmsalongtitheffectiveareasoftheorificesin
thedeterminationofthemomentweighting.Thus,byproperchoiceof
weightingfactorssm titegratorcanbe usedtomeasureeithernormal
forceormoment.Weightingofan integratorisa processofpermitting
eachorificeto contributetothetotaloutput,anamountdependentupon
itspercent-chordpositionandtheareaoverwhichthepressureit
measuresisconsiderdeffective.

,

.
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SYMBOLS-

supplyvoltage .

voltage

outputcurrent

3

resistanceofeachbridgearm

resistancechangeof“eachbridgearmdueto load

voltage-droppingresistor

meterresistance

metercurrent

circuitimpedance

gageconstantofproportionalityrelatingpressureandbridge
unbalance

weightingfactor

pressure

totalnormalforce

resultingmoment

normal-forcecoefficient

momentcoefficient

totalairfoilchord

spanwisemeasurement

momentarm

dynamicpressure

propelleradvance-diameterratio
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.
D propellerdiameter

-v tunnelspeed

N propellerrotationalspeed

A constantofproportionality

“k constantofproportionalityy

TEEORY

Constructionofan instrumentofthistypeisrealizablebecauseof
theuniquefactthatWhetstonebridgeoutputsmaybe addedalgebraically
bymerelyparallelingbothinputandoutputterminalsofeachinturn.
Controlisexercisedaverthepercentageofthenetworkoutputcontrib-
utedby”eachbridgeby droppingresistorsinthevoltageleadsto regu-
latetheinputvoltageto eachbridge.Whenuseismadeofa sensing
unitwherebridgeunbalanceisproportionaltopressureapplied,the
followinganalysisisa derivationofpamllelbridgeequations,theuse
ofwhichconvertsthedifficult~roblemofpressureintegrationtoa
relativelysimpleoneofelectricalcurrentorvoltageaddition.By
applicationoftheseequationsa completeforceandmomentintegrator
canbedesignedandbuilt.

DerivationofBridgeSummingEquations

Intheusualfour-active-armdirect-currentWhetstonebridaetsme
ofsensingcircuit,as showninfigure2,thecurrentequationf& s~ll
unbalancesisdefinedby

I
= R(;:%)

IfV= klx and
*

=~y, then I

(1)

=k3~ where k3 = kl~, and

x and y areindependentvari-ables.Thus,multiplicationcanbeper-
formedina singlebridgecircuitbypermittingthebridgevoltageand
bridgeunbalancetovaryasthequantitiestobemultiplied.Addition
andsubtractionisthenperformedby twoormorebridgesinparallelas
showninfigure3. Whilebridgesofunequalresistancescanbe used,it .
isa morecommonpracticetohaveallbridgearms R ofthesameresist-
ance.Thefollowinganalysisismadeonthisbasis.Inthiscircuitthe

L—– .— .— —. . . ________
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bridgevoltageis suppliedfroma commonvoltagesourceV, individual
bridgevoltagesbeingdeterminedby droppingresistors~ snd

1 % )
andtheoutputsareinparallel.Whena sensitivemicroammeteris con-
nectedacrossthecombinedoutputitreadsthesummationoftheindi-
vidualbridgecurrents. Theequivalentcircuitoffigure3is shownin
figure4.Withtheuseof‘1’&eninstheorem,bridges1 and2 havebeen
replacedby theirequivalentgeneratorsandseriesresistances.The
seriesresistancewasdeterminedby replacingthecircuitoffigure~
withtheequivalentY-unitof figure6andsolvingfor ~. As shown #
in appendixA forstillAR,thevalueofthisquantityis R,the
resistanceofoneaimoftheactivebridge.Usingsuperpositionto solve
formetercurrents12~ and 12” infigures7ar@8,respectively,the
totalmetercurrentisthesumofthecurrentsdueto eachbridgeno-load
outputvoltageactinginthecompositecircuitindependently.Thus,

12 = 12!+ 12” (2)

where 12 isthetotalmetercurrent.Useismadeofthisprinciplein
thepracticalcomputertoadjustbridgesensitivitiesto representthe
desiredquantities.Forthesakeofsimplicity,thedesiredsensitivities
werecalculatedasa certainratioofthesensitivityofa standardbridge
andthecurrentswereadjustedaccordingly.Sincetheoutputcurrentof
eachbridgeflowsthrougha fixedresistancenetwork(seeappendixB),

12:“%%’)
(3)

(4)

and

12 = Y(XI ml +X2A@
(5)

2R(;+q

where Xl = R X2= R
R +~1’ R + %2’

and ~
1

and %2 arethevoltage-

droppingresistorsofbridges1 and2,respectively,and ARl and AR2
aretheirrespectiveunbalances.

. \
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Additionalbridgesmaybe addedto theprecedingsystemtoperform
.

mltiple-pointintegration.Thus,fora unitcomposedofn-bridgesthe I
outputcurrentthroughthemetercircuitis givenas .

V(X1AR1+X2AR2 +X3AR3 +...~~)
Im = (6)

nR(;+ Q

If outputvoltageEo,insteadof current,istobemeasured(thatis,
&—>.), then

V(X~AR~+X2AR2 +X3AR3 +...~~)
E. =

nR (7)

EquationsforSymmetricalOrificeLocations

Theforegoingprinciyleisusefulin constructingpressureinte-
gratorsfromtheWhetstonebridgesensingunit. Iftheorificesonthe
upperairfoilsurfacearematchedbyan equalnumberof orificesonthe
lowersurfacelocatedatthesamepercent-chordpositionas thoseonthe
uppersurface,theorificelocationsareconsideredsymmetricalanda
singledifferentialpressuregagecanbe usedforeachpairoforifices.

~5=B3@3, . ..~=ml mp
Bypemitting ~= qAP~, ~= B2LSP2, ~ 4

~ APn,whereAPI, AP2, AP3,. ..mn representsdifferentialpres-
suresexistingacrosstheairfoilat chordwisepositions1, 2,3, . . . n
and ~, B2, ~, . . . ~ representstheirrespectiveconstantofpro-
portionalityrel&ingpressureandbridgeunbalance,equation(6)becomes “

A moreconvenientformofequation(8)is

(%%% +X42% + X3B3~3 + %% ‘n
VBXB ● e.

x Bx
q. )

‘n&-+%:
(9)

.

where & istheconstitofproportionalityofthemostinsensitive

— — — —.—
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.
a%!gagetobe usedintheintegrator.Underthese“conditions,~) Bx’ -

~ isalwaysequalto orgre&erthanl. Inthepracticalinte-. . .

graterthisprocedurepermitseasyreplacementofgageswithoutthe
necessityofreweighingofthecompleteintegrator.Ifthisprocedure
isnotfollowedandanygageisreplacedwithonehavinga sensitivity
oflessthan ~, completeintegratorreweighingwouldthenbe
necessary.

xl% X42 ‘3% %%%Byequatingw= ~,. .o— equaltotheweighting

factorsW assignedeachrespectivegage,eq~-tion(9)becomes

~ =%(WIP1 ‘w#2+W3p3 + . . .WnPn)
m

n&+ %)’-

and

%(WIP1 + ‘2!’2+ ‘npn)EO =
n

(lo)

(11)

EquationsforUnsymmetricalOrificeLocations

Equations(10)and(n) areapplicablewheretopandbottomairfoil
orificesarelocatedat thesamechotiwiseposition.However,this
locationoforificesisnotalwayspossibleto achieveandan unsym
metficalarrangementmustbe resortedto. Whenan unsymmetricalarrange-
mentisused,eachorificerequiresa separatedifferentialpressuregage,
onesideofwhichisconnectedto a comuonreferencepressure.Sincethe
differentialforceactingacrosstheairfoilis ofinterest,theinte-
grationofthelower-surfaceorificesis subtractedfromthatof-the
,uppersurface.Thus,ifthesamevalueofreferencepressureisusedfor
bothloweranduppersurfaces,itis canceledoutoftheequationandits
magnitudeneednotbeknown.b oniertopreventtheintegratorfrom
havingto subtracttwolargequantitiesthatarecloseto oneanotherin
magnitude,to obtainthefinalanswer,itisdesirabletohavetherefer-
encepressureas closetotheaverageupper-surfaceorlower-surface
pressureaspossible.Forthisreason,absolutepressuregagesarenot
recommendedforintegatorwork.

. . . .-..—...— — .—.—-— .-.——-—- —- --.-—-— - ---— .-—.—— .-——— - -. - -
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Ifanairfoilhasorificelocationsfrom 1 to s
.

ontheupper
surfaceu and 1 to t onthelowersurfaceZ,theequationfor
outputcurrentis givenby .

qil(p%%2= - ‘r)+ “%(p% - ‘r)+ “ “ “‘“u(p%l- ‘r11

(s+ t)
[ 1(s:t)+~

%~lz(plz‘pr)+w2Z(p2~‘Pr)+ ● ● ● Wtz(ptz- ‘r]

r 1.(s+t)(8: t)+%.
L-

where Pr isthereferencepressure.

Wlz+W2Z+ ● ● .Wtz,
+W% +... w =

‘u

(12)

—

(13)

andtheequationforoutputvoltageisgivenby

(s+ t)
(14)

I

,.

I

. .

—. —. —.—— — .——.
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EquationsRelatingIntegratorOutputandAirfoilCoefficients

Thenormal-forceandmomentcoefficientsofan airfoilat spsmise
station~ aregivenby thefollowingequations:

Fcn.—
qcb

cm=+.. qcb

(15)

(16) ~

EquationsforForceIntegrator

F1
SubstitutingPI = —

F2 C2
clb’ ‘2=— andSOforth,W1 = ~, W2 = —,c2bY C* Cx

andsoforth, c1+c2 +c+. ..cn=c, and F1+F2+F3+. . .3
Fn = F intoequation(10),‘wherecl, C2, C3‘“.~ istheairfoil-
chordseqtionoverwhicheachorificeiseffectiveand Cx isthe
largestofthechordsections,cl, C2, C3,. . . ~, yields

)+%

*
however,Cx= Ale.

Therefore,

,.
.,

.
,,

(17) “

-------- .--- —- - - — ———..—.+-.————— ---- .—— — ——- –——-—-__ =-- ------
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Combining-equations(15)and(17)gives ‘

‘m=’17r4
or

Im = Klq~

and

where

‘1=‘1”(:Jd
, wK2 =A=

EquationsforMomentIntegrator

A.similaranalysisofthemomentintegratorby

(19)

substituting

(18)

F1 F2
Pi==, P~=— alcl-

and60forth,
1 c2bY ‘T1= m ‘2 ‘-’ and

‘lFl+ a22 +
a3,. ..~

~F3 +... ~Fn =M intoequation(10),where al,”a2,
arethemomentarms,and (ac)xisthelargestof alcl,

apcp,ycy . . . ~~ Prducts,yields

%
[

alF1 %#2 %Fn1+s3-+● ..—
(ac)xb+ (ac)xb (ac)xb (ac)xb

Im =

‘(:+4 “

= (ac)xbn(~+ ~)

“1

●

.
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however,

Thereforej

(ac)x=@2

Im = A

Combiningequations(16) and

?0

and

where

‘3

(20)

(21)

(22)

In theforegoinganalysis,integrationhasbeenrepresentedas
strictlyanadditionprocess.However,inactualpractice,suchas the
useofthemomentintegratorwherenegativemomentsaresubtractdfrom
positiveones,.unitsaresubtractedaswellasadd6d.Properobse~ance
ofsigninparallelingbridgeoutputsisthusneceesaryforproper
integration.

ComparisonofWeightingMethods

ShowninappendixC forcomparisonsreresultsoffourweighting
methodsappliedto 16 separatesetsofairfoildata. Thesquare-wave

— —.— ... .. . .- .—-——..—— -—— — —.—-— —- — .- . ..———— - ---- —-
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systemofweightinghasbeenusedinallelectricalintegratorscon-
.

struttedtodatebecauseofitscloseagreementto thefairedmethd
usedinthemanualintegrationofdata.Here,insteadofthefairing
no~lly obtainedonmanualplots,a lineparallelto theairfoilchord
isdrawnat everyorificepointandmadeto extendhalf-waytotheadja-
centorificeoneithersideofit. Thepercentof chordassociatedwith
thefirstandlastairfoilorificeismeasuredfroma pointmidwayto
theadjacentorificelocationto theleadingandtrailingedges,respec-
tively.Theweightingfactorforeach”orificeisobtainedby dividing
itseffectivechofisectionby thelongestchofisectionthatisassigned
to anyoftheorificelocations.Whenarrivedat inthismannerthe
weightingfactorisalways1 orlessthan1.

Momentweightingisperfomedbymultiplyingthechotiassignedto
eachorificelocationby themomentarmasmeasuredfromthepointat
which-themomentisdesiraitothecenterofthechordsectionoverwhich
theorificeisactive.Oncethisprocedurehasbeencarriedoutforall
orifices,divisionofeachpraluctby thelargestofthegroupyieldsthe
momentweightingfactor.IftheconstantsKl and ~ or K3 and K4,
as thecasemaybe,areabsorbedinmeterdialcalibration,~and~
maybe obtainedby dividingtheintegratoroutputreadingsby thedynamic
pressureq.

DESCR3X’IIONOFEQUIIMENTAND~ TESTS 0,

InSeptember1948theneedfora morerapidmeansofreducinglift I
andpitching-momentdatafroma seriesofpropos’edLangley16-foot-high-
speed-tunnelpropellertestsbecameacute.As a solutiontothisprob- (
lem,themodelA pressureintegratorcsmeintobeing.Asidefrtithe

.!

normalconsiderationsofpressu~measurementonairfoils,theproblem
wasfurthercomplicatedby thenecessityofusinga pressure-transfer
deviceandthecorrectionnecessitatedby theaccelerationeffectonthe -
airconfinedinthepressuretubesontherotatingpropeller.ModelA
wasthereforeconstructedandconsistdofbothforceandmoment
integrators.

Mdel A Integrator

Inthisunit,24chopihdsepressureorifices(12oneachsideof
thepropellerblade)wereconnectedto a similarnumberofidentical
t10-pound-per-square-inchelectricaldifferentialpressuregagesofthe
unbendedwirestrain-gagetypelocatedineachoftheforceandmoment
units. A gageforeachorificewasnecessitatedbynonsymmetricalori-
ficelocationontheu~er andlowersurfacesofthemcxlel.Thepressures

L_. — — -. . .———. —- -



NACATN2607

measuredby thegageswerealsoreadona liquidmultitubemanometer
board.Onesideofallgageswasreferencedtothetunneltestchamber
aswasalsothemanometersump.Ikcauseofthelocationoftheorifices,
eachpressurewaseffectiveovera differentphysicalareaonthepro-
pellersurface.Weightingwasaccomplishedaspreviouslydescribedin
thesectionsentitled“Intraluction”and“Theory.”Thus,thenormal
forceF wasobtainedbytheuseofequation.. As showninthe
sectionentitled“Theory,”in orderto obtainthisdifferentialforce ‘
actingonthepropellerblade,itisnecessdryto integratetheforce
actingoverthec.ambemd-surfaceorifices1 to 12,andsubtractfromthis
quantitytheintegratedforceactingonthethrust-surfaceorifices13
to 24. Thisprocedurewascarriedoutintheforceintegratorbyproper
obsemationofsigninparallelinggageoutputs.

Fororientationandto showtherelativesimplicityofconstmction,
an internalviewoftheforceintegratoris shownin figure9. In order
tominimizegageerrorsdueto temperaturevariation,theintegratorwas
placedina thermallyinsulatedboxwhichwastemperature-regulatedat
approximately110°F. Theintegratoroutputwasindicatedona Weston
type6Z 50-o-50microammeter”formomentand0-100microamneterfor
force.A dummy400-ohmbridge(seecircuitdiagramof fig.10)was
addedtopermitzerooutput-currentadjustmentandthuscompensatefor
thesmallzerounbalanceinthegages.The.momentintegratorisphysi-
callythesameastheforceunit,onlythewelghttigfactorandthe
quantitiesaddedandsubtractedbeingchanged.Sincethemomentinte-
gmtorwasdesignedto readtheresultantmomentaboutthequarter-choti
point,itpossesses23insteadof24pressuregagesbecauseorifice16
occursat thequarter-chordpoint.Calibrationwasaccomplishedby
placingpressurePI ongages1 to 12andpressureP2 ongages13
to 24,with P2 >P1. Areasundertheforceandmomentcurveswere
easilycalculat~andplottedontheordinatewiththecorresponding
meterreadingsplottedontheabscissa.Calibrationcurvesforthetwo
integratorsareshowninfigure11. Heretheintegratedareasunderthe
forceandmomentcurvesareplottedagainstmeterreadingsandare
observedtobe strai@tlines.

Experimentaltests.-Tunneltestshavebeenmadewiththisunitand
resultsplottedin figure12,alongwiththosefrommanualintegration
forcomparisonpurposes.In orderto obtainthesedata,a testpropeller
with12 orificesonthecambetisurfaceand12 onthethrustsurfacewas
connectedthrougha pressure-transferdevicetoa liquidmanometerand
alsotiedintotheforceandmomentintegrators.Theresultsfromthe
electricalintegratorswereconvertedtonormal-forcecoefficientcn
andmomentcoefficientcm. Thus,

en_% ‘
Cqx ,
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/’%=—
C2W

.

where k5 iSthetunnelcorrectionfactor,dependentupontemperature
andpropellerrotational.speedand qx isthevelocitypressureacross
thex-stationofthepropellw.Conversionwasperformedbymultiplying
theforce-integratoroutputF/c andmoment-integratoroutputM/c2
by ~ anddividingby qx. Thesecoefficientswerethenplottedagainst
thepropelleradvance-dismeterratio J, a parsmeterrelatingtunnel
speed,propellerrotationalspeed,andpropellerdiameter,where

J&=—

Theliquidmanometerrecordswereinturnread,plottedas
pressure-distributiondiagramssimilarto figure1,andintegratedwith
a planimeter.Theseresultswerealsoplottedinfigure12.

Discussionofresults.-Theplotsofforceandmomentcoefficients
againstJ,as seenin figure12,indicatescatterfromthebestfaired
line-which-isaboutthesamefor-boththeelectricalintegratorand

“ manualintegrationfromliquid-manometerdata. In orderto seethe
errorsthatwouldbe introducedinindividualreading,plotting,and
fairingtechniques,themanualdatawereplottedandfairedby twopeople
andtheresultscompared.Differencesbetweenthetwomnual inte-
grationswerefoundtobe ofthesameorderofma~tude asthosebetween
datafrommanualandelectricalintegration.Althoughnotshowninthe
curvesoffigure12,somecasesexistedwheredeflectionoftheelec-
tricalmeterwasonly1 or2 percentofitsfull-scaledeflectionand
appreciablediscrepancywasfoundbetweenelectricalandmanualsystems.
Moresensitivemetersandrangeswitcheswouldminimizethisdiscrepancy.
Thepromisingresultsobtainedfromthesesimpleintegratorsestablished
themasprototypesandledtothe

ModelB

ThemodelB integratorunit,

designofa modelB integrator.

Integrator

similarto themodelA, containstwo
electricalintegmtors,onefornormalforceandonefor-pitchingmoment
aboutthequarter-chordpointoftheairfoil.As intheA unit,the
onlydifferencebetweenthenormal-forceandmomentintegratorsisin
thenumericalvalueoftheweightingfactors.Allgagesaretemperature-
regulatedasbefore.Physically,bothno-l-forceandmomentinte-
gratorshavebeenbuiltintothesamechassis;therefore,theyaredis-
cussedas oneunit. Figures13and14arephotographsofthecomposite

.

instrumentwhichconsistsofthreebasiccomponents- thesensingand
integratingcircuit,themeasuringcircuit,andthecomputingcircuit.” *

. ..—————— . ..— — -— - ——.. -——- .- . . —_-— -
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Thiscombinationthus
lowedby a subsequent

permitsan integrationofforceandmoment,fol-
computationofcoefficientscn W Cm,~d

plottingof,thesecoefficientsagainstMachnumberon graphpaper.As
seenby referringto figure14,tunnelq andMachnumberaresetinto
thecomputermanually.

Orificelocationsontheupperandlowerairfoilsurfaceswere
locatedatthesamepercent-chordpositions,onedifferentialpressure
gageperpairof orificesandequation(11)couldthereforebe used.
l’heforceintegratorthuscontainstwenty-twu~10-pound-per-square-inch
electricaldifferentialpressuregages;themomentintegratorcontains
twenty-one,properly’weightedwithprecisionresistors.Theiroutputs
areconnectedinparallelsoasto givea quantityproportionalto q%
and ‘q% (equations(19)and(~)). Theintegratorsupplyvoltageis
maintainedconstatby samplingandadjustingfromtimeto timeits
relationto a standaficellvoltage,andthuscreatesa nullpointwhich
is readona paneltypeofgalvanometerswh$ch,alongwithassociated
adjustingknobs,isvisiblein figure14.

Thecomputingcircuitobtainscoefficientscn and ~ by diyiding
theintegratoroutputsby q. Thisdivisionis obtainedby useofa
buckingbridgecircuitwheretheoutputoftheintegratorismatchedin
a nullsystemby theoutputvoltageofthecomputingbridge.Theunbal-
ancedvoltageisdetectedby a servoamplifierwhichispartoftheservo
loopforpositioninga multiple-turnhelicalslide-wireinthecomputing
bridge.Theslidingcontactisinturnmechanicallycoupledtoa pointer
andprintcarriage.Themovementsofthepointersweremadeproportional
to coefficients~ and ~ by settingthevoltageofthecomputing
bridgesdirectlyproportionalto q. Thisvoltageisadjustedbymeans
ofa 10-tu?xihelicalpotentiometer,themovementofwhichis calibrated
in termsofpoundspersquarefoot,andis setby a dialonthefront
paneloftheinstrument.

Theprintmechanismisoperatedby a leverswitchonthefrontpanel, .
whichpermitsa plottobemadeonbothchartsatanydesiredpointas
describedpreviously.Thepositionoftheprinteralongthehorizontal
scaledeterminesthevaluesof ~ and ~. Thechartpaperisdrivem
pastthishorizontalscaleby a Selsynreceiverwhichinturnisdriven
by a Selsyntransmitterlocatedinthefrontpanel.Thetransmitterhas
itsrotationcalibratedinMachnumber.Thus,thedesiredoutputfrom
theinstrument,a plotof ~ and ~ againstMachnumber,isobtained
whilethetunnel.isin operation.

Calibrationoftheinstrumentwasmadeby applyingthesamediffer-
entialpressuretoallthegagesoftheintegrators.Effectively,this
calibrationproducesa rectangularpressuredistributionofknownarea.

..- —.- . . ..-.— —— ~--- ..— -—.. .— —.. -. —.. -.——- .. ---- —
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-0i
Withthe q settingata valuecorrespondingtothehighestMachnum-
ber(M= 1.0)thefullscaleofthecoefficientdialswereset. Checks
weremadebyvaryingtheapplied.differentialpressureandthe q net- ,(
work. As a furthercheckofweighting,variouspressurepattezmswere
appliedtothegageswith q constant.TableI givesa comparisonof
valuesobtainedfromtheelectricalintegratorby usinga precision I
manometer to setthepressureswiththosecalculatedfromthepressure
used. Themagnitudesoftheaverageerrorsare0.0033innormal-force
coefficientand0.00072inmomentcoefficient.Theseerrorscompare
veryfavorablywithaveragecoefficienterrorsof0.0075innormalforce,
and0.002inmoment,consideredsatisfactory.by tunnelpersonnel.These
desiredlimitsrepresenterrorsof1 percentorlessof.full-scale-range
valuesof2.0forthenormal-forcecoefficientand0.4forthemoment
coefficient,forwhichtheequipmentwasdesigned. 1.

Experimentaltests.-ModelB integratorwastestedinthefollowing
manner:

I
1.Theelectricalintegratorwasbalancedatthelowestvalueof.q 1

forhighestaccuracyofbalancing.

2.SincethepointsweretakeninMachnumberstepsstartingwith
Machnumber1.0andprogressingto thelowervalues,the q andMach
numberdialsoftheintegratorweresetforMachnumber1.0beforethe
tunnelwasrun.

I3. The tunnelwasthenstarted.A signalfromthetunneloperator I
at each’pointindicatedthatthepropervelocityhadbeenreached.When

1
. theintegratoroperatorsawthatthepressureshadstabilized,he sig- 1

nailedthetunneloperatorsothata manometer-boardpicturecouldbe
takenatthesametimea pointwasbeingplottedontheintegrator.

.

Itwasimpossibleforthetunneloperatortoholdthetunnelaccu-
ratelyattheMachnumberpresetontheintegrator;therefore,a differ-
enceexistedbetiieenthetrue q. ofthetunnelandtheset q ofthe
integrator.In ofierto compensateforthisdifferencea correctionwas
appliedto thedatain,integratingtheresults.

TabIeII containstabulateddatashowingthecorrelationbetween
electricalintegratorplots’anddataobtainedfromintegratingfaired
manometerfilmdatafromtunneltests.Figures15and16areactual
integ~torplotsof ~ smd cm againstMachnumber.Forcomparison
purposes,themanometerfilmdatahavealsobeenplottedinthisgraph.
As canbe determinedfromtableII,theaveragemagnitudesofthediffe~
encesbetweentheelectricalintegratorandthemanometerfilm,readand .
integratedonthebasisofa fairedcurve,are0.0083innormal-force
coefficientand0.0015inmomentcoefficient.

.

L .__.._ .—. —.. . -. — —.————.._. .
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Discussionof results.-Thecalibrationerrorsnotedpreviously
representactualinstrumenterrorssincethiscalibmtioncomparesinte-
gratoroutputwiththeactualvaluecalculatedina square-wavemanner,
whichisthesameas themethd usedby theelectricalintegrator.
Tunneltests,however,compareintegrator outputwiththatobtainedby
manuallyintegratinga fairedcurvewitha planimeterandrepresent,in
additionto instrumenterror,differencesbetweenthesquare-wavemethod
andfairingmethd ofrepresentingarea,as showninappendixC. As
notedinappendixC,variousmethcdsofdeterminingcoefficientsmnually
fromthesamepressuredataresultinslightlydifferentanswers.Thus,
a completelyrigorousanalysisofinstrumenterror,whenappliedtotun-
nelwork,is impossibleforwantofan exactstandardforcomparison.
Howeverja comparisonofa fairedcurveto the@nel standardindic?tes
thattheelectricalintegratorpyducessatisfactorydata.

Sincetheoutputsoftheforceandmomentintegratorsare’subse-
quentlydividedelectricallywithintheapparatusto renderplotsof cn
and ~ againstMachnumber,a fixederrorintheforce-integmtor
measurementwouldmanifestitselfasa decreasingerrorin ~ withan
increaseofMach,number.Thisreductioninerroristrueevenifthe
absolutevalueof ~ doesnotchangesincebothnumeratoranddenomi-

F/cbnatorofthecoefficientequation~ = ~ areincreasinginvalue.

Thistrendcanbe seenby referringto th~llachnumberpoints0.2g3and
0.84forthedataoftableII. Herethe ~ errordecreasesinmagni-
tudefromO.02to 0.007astheMachnumbervariesbetween0.295and0.84
eventhoughthemagpitudeoftheerrorinpour@ is greaterat thehigher
Machnumbers.

ModelC Integmtor

ThemodelC integratingunitwasconstructedto expandthecapacity
andincreasetheaccuracyofthepreviousmdel. ModelC consistsof
eightnormal-forceandei~t momentchannelsofintegrators,a nulltype
of self-balancingservounitforeachchannelwithbuilt-inindicators
andtwu8-channelprintersforrecordinginformation.Theintegrator
units,as inmdel B, sample22differentialpressuresacrosstheair-
foil,andhavean outputof q% and q%, the q% beingaboutthe
quarter-chordpoint.As before,thepressuregagesaremountedina
temperature-controlledbox. Thisunitisintururackandpamelmounted
as shownin figure17. Thecoefficient-computingcircuitofmodelB is
eliminatedhereandtheintegrator
indicatedanswerondirect-reading
tionfortheoperationofprinters
ratinga 25-turnhelicalmeasuring

outputvoltageis convertedintoan
re~olutioncountersanda shaftrota-
by a self-balancingservoincorpo-
potentiometeriWiththis’system,
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.
inte~tor errorsaccountfor90percentofthetotalerror.Sixteen
channelsofprinterareSelsyn-coupledtothebalanceunitstoprovide
simultaneousprintingandindicatingofthevaluesq% and q%.
Coefficientscanthenbe quicklyobtainedin integratingthedataby
dividingby q. Iklancing,indicating,andprintingunitsareshownin
figure18. AU forcechannelsaredesignedfortherangein q% of
-441to 1225poundspersquarefoot.Allmomentchannelshavetherange
in q% of-165to 165poundspersquarefoot.

Calibrationchecksofthisunithaveresultedintheaverageerror
forallchannelsof1.21poundspersquarefootin qcn and0.25pounds
persquarefootin q~. Forcomparisonwithcalibrationchecksonthe
mciielB integrator,conversioncanbe madeto coefficientformfora low
andhighvalueof q of 200and800poundspersquarefoot,between
whichmostoftunneltestswillfall.Fora q of200poundspersquare
foottheerrorin ~ is0.0061andthatin ~ isO.001~.When q is
800poundspersquarefoottheerrorsreduceto 0.0015in ~ and
0.00031illcm. Theseerrorscompareveryfavorablywiththebefore-
mentionedacceptableerrorsof0.0075in cn and0.002in cm.

McdelD

ModelD wasconstructedwiththeuseoftheNACAminiatureelec-
tricalpressuregageas thepressuresensingunitforthemeasurementof
bothstatic-anddynamic-forcecoefficient.Thisunitconsistsofa
12-differential-pressure-gageintegrator,a mcdifiedringdemcilulator,a
balancecircuit,a self-balancingpotentiometerforstaticmeasurements,
anda deflection-coilgalvanometersfordynamicuse. Thedesignedfull- .

scalevalueof q% was2160poundspersquarefoot.Laboratorychecks
ofthisunithaveresultedinan averageerrorof13.9poundspersquare *
footin q%.

Sincethisunitwasdesignedprincipallytomeasuxedynamicquanti-
ties,requiredaccuracieswererelaxedfromthemorerigidonesofthe
previousmdels. Inthisunit,errorsof50poundspersquarefootin
thequantityq% areconsideredacceptable.Theresultsofthedynamic
testinghavenotbeencheckedtodateforwantofa standardfor
comparison.

MalelsE andF .

Inadditionto theforegoingmcdelsa telemeteringmdlelE hasbeen
constructedandsuccessfullyusedin rockets,andatpresenta mcdelF
isbeingconstructedforflightuse.

\
—
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ADDITIONAL

While
integrator

CONSIDERATIONS
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INDESIGNOFPRACTICALINTEGRATORS

WeightingProcedure

exactvaluesofresistorstobe insertedintheindividual
gagecircuitscanbe calculatedifweightingfactorand@ge—

sensitivityareInmwn,experimentaldeterminationoftheseresistance
——

valuesismoredesi~ble.&this procedureno errorsduetounequal
bridgeresistanceswillresult.Thisadjustmentcaneasilybe madein
thefollowingmanner.Connecttheoutputofallintegratorgages~plus
thezerobalancingbri~geinparallelandrunthisoutputto theindi-
catorunitinthesamemanneras theywillexistinthefinishedinte-
grator.Nowenergizeeachgageinturnfromtheintegratorvoltage
sourcethroughtwodecaderesistanceboxes,onelocatedineachofthe
twogagevoltageleads.Caremusthe exercisedto insurethatthe
resist=cevaluessetonbothdecadeboxesarealwaysthesame.The
processstartswiththemostinsensitivegageofthegroup,thatis,the
gagewiththeconstant.{ofproportionality~. This reference gage

is thenassociatedwiththeorificepossessingthelargestweighting
factorandfull-supplyvoltageappliedby settingthedecaderesistance
valuesatzero. Afterbalancingtheintegratorforzerooutputat zero
pressure,full-scalepressureisappliedtothereferencegageandthe
outputnoted.Thedecadeboxesarethenmovedtothenextgagejthe
unitzeroedatnopressure,thenthepreviouslydeterminedfull-scale
pressureisapplied.Thedecadeboxesarethenadjusteduntiltheout-
putcurrentbearsthesamerelationshipto thatofthereferencegage
as dotheirweightingfactors.Sincevaryingthedecade-boxresistance
mayhavean effecton systemzerobalance,theprocessmustbe repeated
untilthezeroshiftisnegligible.Allsucceedinggagesaretreatedin
a similarmanner.

In orderto eliminateinteractionbetweenbridgesduringexperi-
mentaladjustments,theweightingresistorsmustbep~ced inthevolt-
ageinput.Althoughweightingcanbe accomplishedby placingresistors
inthegageoutputcircuit,thisprocedureintrducesinteractiondueto
thechangingloadandprecludesexperimentaladjustmentofweighting.
As showninappendixA, thegageloadresistancedoesnotchangewith
resistanceinthevoltageleads.

InthemcdelB integrator,flexibilityofweightingwasachievedby
placingallgagevoltage-droppingresistorsina plug-inunit. Inthis
manner,airfoilspossessingdifferentorificelocationswerequickly
accormdatedbypluggingintheresistorboxcontainingtheappropriate
weighting.

Wheneverpossible,airfoilorificelocationsshouldbe chosenfor
unifomnspacing.Thisspacingresults’ina minimumvariationof

-. . . . ..—_______ ___ .__, —.— ._ —.—— _________ >____ _ . —_.
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(

weightingfactors,whichinturnpermitslargeintegratoroutputs.As
.

seeninequations(10)and(11),nwcimumintegratoroutputoccurswhen
I

allweightingfactorsareequal.Undertheseconditionsfull-rated
voltagecanbeplaced.onallgages.It isalsonotedby referringto
equation(n) thatthenwdmumno-loadvoltageoutputoftheintegrator,
whenallitsbridgesareenergizedby thesameforcingfunction,cannot
exceedtheno-loadoutputvoltageof oneofthebridgesalonewhensub
jettedtothesameforcingfunction.Thecurrentoutput,however,can
be increasedconsiderablyby decreasingcircuitresistancewiththe
properchoiceofindicatorunits.

FactorsAffectingAccuracy .

Accyracyintheintegratedresultsisdependentuponthefollowing
factors:

Typeofsensingunit.-Withtheuseofwirestrain-gagesensing’
units,ambienttemperatureandvibrationeffectswereeliminatedby
placinggagesina temperature-regulatedboxandby shockmounting.When
theseprecautionshavebeentaken,gagenonlinearity,hysteresis,creep,
andzerodriftremainas factorsdeterminingsensing-unitaccuracy.
Testshavebeenconductedwithtwenty-twoil>pound-per-square-inch
sensingunitsinparallelto simulateintegmtoroperation,andthefol-
lowingerrorshavebeenobserved.

Maximumhysteresisandcreep,percentofgreatestpressureapplied 0.4
Averagenonlinearity,percent. . . . . . . . . . . . . . . . . . . 0.05
Averagezerodrift,percentperhourofgagefullscale. . . . . . 0.05

No atteriptwasm@e to separatehysteresisfromcreep.Nonlinearityhas
beenexpressedby dividingtheaverage-deviationfroma meanstraight
lineby thefull-scalepressureandconvertingtopercent.fromthe
foregoingcheckthegagehysteresisis obviouslythe.limitingfactorin
sensing-unitaccuracy.TheinductancepressuregageusedinmodelD
displayedbetterhysteresischamcteristicsthanthewirestrain-gage
unitbutatthessmetimeintroducedbalancingproblemssingularto
alternating-currentbridges.

Weighting.-Over-al.lintegratoraccuracyisalsodependentuponthe
carewithwhicheachgageisweighted.Errorsin settingthegagevoltage
valuesandinstabilityintheseunitscontributedirectlyto thefinal
error.

Bridgevoltagecontrol.-Ifa deflection-measuringsystemis’used,
thedrieris increasedbypoorregulationoftheintegratorsupplyvolt-
ageina directmanner,similarto thatofweighting.A nullsystemcan

.

be madeindependentofmmleratesupply-voltagefluctuationsandisthus
preferr~.

,
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Indicatororrecofiing.-Whicheverindicatoror recordingsystem
isused,theinherentaccuracyshouldbe greaterthanthatrealizable
fromtheintegratoralone.Forstaticconditions,thisgoaliseasily
realizedwitha servo-ope=ted,self-balancingnullsystem.Indynamic
measumnts this’goalisnoteasilyattained.As a result,thetotal
erroris increased.

Stabilityofresistors.-Thevaluesofallintegratorresistorsare
) criticaland,oncedetermined,shouldnotchange.In ordertoprevent

agingandsensitivitytothesmalltemperaturechangespresent,all
resistorsusedintheintegratorsdiscussedinthispaperwerecon-

, struttedwithlow-temperature-coefficientwire.

Potentiometers.-BridgebalancingandmeWmringpotentiometersare
used. Thebalancingpotentiometermustpossessresolutionforfineness
ofbalanceandstabilityoncebalancehasbeenachieved.Repeatability
andlinearityareofsecondaryimportance;however,in circuitswherea
measuringpotentiometerisusedto obtainthefinalanswer,linearity,
repeatability,resolution,andstabilityareofprimeimportance.A
popularcombinationisthe10-turnhelicalpotentiometerforbalancing
anda 2>turnhelicalpotentiometerformeasuring.

Numberofpointss,ampled.- Discrepanciesamongalternatemethais
ofintegratorweighting,squarewave,parabolic,andsoforth,.decrease
as thenumberofpointswherepressureis sampledis increased.It iS
thusdesirabletohavethemaximmnumberof samplingpoints.

Shapeofcurve.-Fi.nalaccuracyis~ependentuponthepressure
distributionexperiencedovertheairfoil.Ifthepressurediagramhas
largegrs&lentsandsharpbreaks,theintegr%orweightinglessclosely
fitsthecurveandgreatererrorresults.

Reliability

. Timespentinmaintenanceoftheseintegmtorshasbeensmall.
Sticethemdel B integratorhashadthelongestpericdof continuous
service,themaintenanceperfomedonitisbrieflyoutlined.During
theconstructionandinitialcalibrationphaseitwasnecessaryto ‘
replaceonepressuregage-becauseofan iirtermittantopencircuitwithin
thegageitself,repairtheoutputconnectionto a secondgage,adjust
theprinter,andreplacethehelicalpotentiometerintheIntegrator
voltagecircuitbecauseofroughnessofthepotentiometerinterfering
withthefinesettingofvoltage.Subsequenttothese
overa yearoftunneloperationtheequipmenthasbeen
threetimeswithno changeof calibrationdetectedand
consistedofpericdicchangingofbatteries.

adjustments,in
check-calibrated
maintenancehas

.

. .. ---- . . . .. -.-—. ... ..-.— —.--. — —— —-- --- —.--—. —.— --. .—-— —-----
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CONCLUDINGREMARKS

Theelectricalintegratorsdescribedhereinarepractical,continu-
ouslyuseful,nonexperimentalresearchtoolsofappreciablesignificance
to theaerodynamisistbecauseoftheirgreatappealas timeandlabor
savers.Theseunitsreducedmanual-integrationtime%y a factorof6
to 10whensubsequentcorrectionswereaddedtotheanswerJandashigh
as 30whentheanswerwaspresentedinitsfinalform.

Inadditionto savinga largeamountof computinglaborwherever
used,theelectricalintegratorgivesthesameaccuracyinthefinal
plotasmanualmethodsof obtainingforcedatafrompressuresurveys.
Variationsbetweentheelectricalintegratorandmanometerfilmdata
areno greaterthanthoseexperiencedin successivereadingsandplani-
meterintegrationofthesamefilm.

Onecharacteristicofallintegrators,irrespectiveof themethod
ofweightingemployed,istheirconsistencyofweighttigeachsetof
dataina similarmanner.Thischaracteristichastheadvantagethat
integratedanswersarenotdependentuponthetechniqueofthemanual
plotter.Ineliminatingcomputinglabor,theelectricalintegratoralso
eliminatesa largenumberofman-madecomputingmistakes.

Muchdiscussionhascenteredaroundthepossibilityofadverse
effectsthatsteepslopesinthepressure-distributiondiagramswould
haveontheaccuracyofthesquare-wavemethcdoffairing.Allthe
tunnel-datacheckshaveshownnegligibleerrorsfrom

ModelE designedforuseonrocketspermitteda
nationofforceandmomentcoefficientscn and Cm
foreunattainablebecauseoflimitationofavailable
channels.

thissource. !

pressuredetermi-
in flight,hereto-
telemetering

Comparedto otherintegratorstheelectricalintegratorisconsider-
ablymoreflexibleandis constructedofcommericallyavailableparts.
Theprincipaldisadvantagesarethehighhitialcostandincreased
complexity.

LangleyAeronauticalLaboratory
NationalAdviso~CommitteeforAeronautics

LangleyField,Vs.,October8, 1951

.

—-.. ..—— -. .——... ..—.
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AJ?PENDIXA

BRICGEIMPEDANCEWHENDROPPINGRESISTORSAREUSED

Theequivalent!ll&-eninsseriesimpedance~, showninfigure6,
of a Wheatstonebridgecomposedof equalresistancearms R witha
voltage-droppingresistorinthe~wer-supplyleadsisgivenby the
followingequation:

=:+*

+

+

[‘R++%%
=R

,

R2
Rd+2R

~2

----- ------ —.-——------- ———-— -—-— .--- —- --—-— -—— ~-—— .— ——. —-- --—-.—- ..—-— --
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. APPENDIXB

TOTALMETERCURRENTOFTWOWHEATSTONEBRIIYGESINPARALLEL

.

Figure4 givestheequivalentcircuitoftwoparalleledWhetstone
bridges.Solutionofthiscircuitfor-totalmetercurrent12 iseasily
accomplishedbyusingtheprincipleof superposition.Withonlybridge1
active,as showninfigure7,thecurrentcontributedby thisbridgeslone
canbe evsl.uatedinthefollowingmanner:

Given:

vNilxl
El= ~

E2=0

where

R
xl =

.L R + Rdl
-L

Writingtheequationfortheoutsideloopgives

vARlx~
=ll’R+ i#~Dn

andtheequationfortheright-handloopis

o = 12’R- I1iR+ 12’~

.

.

1 .

.—— —. —. —— —— -- -..— —. .— . ——
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Combiningthe

25

twoloopequationsyields

ll’R= 12’(R+ ~)

Substitutingthisvalueof 11~ intotheoutside-loopequationyields

vm~xl
= 12~R+ 212*Rm

R

offigure8 determinestheIn a similarmanner,analysisofthecircuit
valueofoutputcuirentcontributedbybridge2 as follows:

Here

E1=O

~2=v%2X2
R

where

X2= RR+~2

Writingtheequationfortheright-handloopgives
,

E2= (12”- I1”)R+ 12”~

,
andtheequationfortheoutsideloopis

O = I1”R+ 12”~

.

-.. .. . .. . —.----- -.———— --—. -.-. — — .—.—— — - ---— —---- .-—-— ,-—-- - - —-. — —-
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Combiningthetwoloopequationsyields

Substitutingthisvalueof ~l,tintotheright-handloopequationyields

E2 = 12”(R+ @

Totalmetercurrentisthusgivenas

12 = 12~+ 12°

. . . .—.—



NACATN 2607 27

.

. . .

APPENDIXc

COMPARISONOFWEIGEI’INGMETHODS

A comparisonismadeoffaired,parabolic,square-wave,andmixed- -
weighting-factormethodsofobtainingforceandmomentcoefficientsfrom
16 tunneltestsr6mginginpressure-distributionpatternsfromthose
havinglargepressu~differential.saheadofthequarter-chordpointto
thosewithhighdifferential.pressuresbehindthispoint.Faireddata
wereobtainedby plottingthepressuresas a pressure-distributiondia-
gramandintegratingwitha planimeter.Allothersconsistedofmulti-
plyingeachpressurewitha predeterminedweightingfactor,dependent
uponthemethodused,andsummingtheproducts.Themixedweighting
factorwasdeterminedby applyingpsrabolicweightingfromO to10 and
from90to100percentchordandsquare-waveweightingfrom10to90per-
centchord.

Thecoefficientsoftheveriousweightingmethodsarepresentedin
thefollowingtable:

Faired Squarewave Parabolic Mixed
Diagram

% ‘% % cm % % Cn ~

1 0.637 0.Ola .0.6470.01350.624 0.00880.633 0.0102
.673 .0166 .677 .0180 .653 .0128 .660 .0144

: .666 .0182 .667 .0184 .644 .0137 .651
4

.0152
.726 .0258 ● n3 .0270 .693 .0230 .699 .0241

~ .754 .0331 ● 753 .0330 .726 .0288 .739 .0300
.8146 .0306 .828 .0330 .811 .0304 .8~5 .0305
.701 -.0213 .714 -.0189 .699 -.0203 .702 -.0195

: .653 -.0267 .660 -.0276 .660 -.0283 .64g -.0275
9 .593 -.0287 .603 -.0298 .591 -.0299 ● 593 -.0292
10 .536 -.0270 .547 -.0281 ● 535 -.0279 ● 537 -.0272
11 .475 -.0193 .489 -.0196 .476 -.0189 .478 -.0182
12 .363 .0318 .368 .0344 ● 359 .0326 .361 .0331
13 .374 .2972 .378 .0320 .3n .0295

●373 .0300
14 .436 .0049 .441 .0055 .433 .0041 .435 .0044
15 .513 -.0329 .513 -.0330 .511 -.0333 .513 -.0330
16 .572 -.0597 .562 -.0585 .564 -.0582 .565 -.0584

.

-— ——.- .——-. —_ —_____ —-. .—. — —–—. — -----
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Withthefaireddataas a standard,thefollowingtablegivesme
avera~edeviation,basedonthe16tunneltests,ofthesquare-wave,
parab~lic,andmixedmethcdsfromthisstandard:”

Coefficients Squarewave Parabolic Mixed

Cn O.oop 0,0087 0.0053

“% .0012 .0017 .0013

Themixedweightingfactorgivestheclosestagreementforforce
whilethesquare-wavemethcdresultsinthebestmomentanswer.

I

. ..-. L
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COMPAFU~NOF CAWUATHD DATA WITH W OETAIETIDPKM M’IDELB

ELECTRICAL IIWXGRA!03RBY AFT- P~SURES

HITH TEE USH OF PRECISIOHMAiWMETERS

T% A ml I ‘1%1’d I%lwml l+
‘Ch Kt.ectmic.. —--— c alqul Calm- Error

lmDur lb/sq in.

t

).3 0.684

.5 1.5ZZ

.8u 3.337

.90 3,861

-.~ I3.357

L8ted
(lb/sq in.)

0.685

1.517

3.309

3.841

3.343

Errdr

( lb/q id :~;l ~&-

O.ml 0.7852O.1’%

-.m5 .7M3 .698

-.028 .7%5 .752

-.02 .W .778

-.014 .6167,614

Error Electrical Calculated -r
(lb/sq in. ) (lb/8q in.) (w’q ~“) ::;;1

0.0CU8 -0.0171 -o:016@0.01x)28-0.01%

-.0023.03042 .0276 -.002& .014C

..w%q-.lW -.1452 -.0044 -.032

-.004 -.2691 -.2716 -.0025 -. C5’45

-.0027 -.421’4 -.4301 -.0027 -.ol@

-1-T
I.ated

-0. olg3 o. CX303

.OI.27.0013

-.033 -.001

-.055 -.oM5

!’



1.35

.39-5

.495

.%9

.694

.7$-5

.840

qc~

Dectrical
bjsq In. )

0.577)5

.967

1.467

2.(%5

2.932

3.397

3.343

TABIE II

COMPARISONOF M)DEL B ELECTRICALIi!?lEGR.kIORW UT’!?HTNAT OE!MINEO

FR)M INI’EGRATllW3 A FAIREDFRXF32URE-DISTIUEUIIOHCORVE .

Wn

Msnual
lb/sq in.)

0.587

.9m

1.4-Q

2.068

2.903

3.330

3.310

ifference
lb/Bq in.:

0.0165 ‘

.0103

.022

.002

-.@

..C%7

-.033

%
lec-
,rical

1.655

.6ZJ

.675

.710

.8a5

:’W5

.7m

%

1.675

.661

.676

.71.1

.797

. no

.73-3

qcm
‘f:~- Electricel

(lb/aq in. )

0.02 0.0U7

.LX36 .0237’

.ix)l .0424

.ml .6578

-.008 .W933

-. 01s -.o~

-.C07 -.16g4

q%
Munlsl.

lb/sq In.

0,0Y27

.02u

.0428

.0s$

.1045

-.08%

-.165

if ference
lb. sq in.:

O.ml

.00>4

.0004

.0038

.0062

.0139

.CH344

%
lec -
rica

.Op,:

,016

.01$?

.023

.027

.023

.036

% Mf f er-
L9nllal ence

~.ou 0.0015

,017 .ml

.020 .0335

.024 .ml

.029 .002

..0’20 .Lm3

..033 .COu

I

Iwo

.
. .
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Figure1.-Typicalpressure-distributiondiagram.
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Figure7.- Cticuitoffigure3 withonlygenerator1 active.

t

Figure8.- Cticuitoffigure3 withonlygenerator2 active.
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Figure9.-Force-titegratornetwork.
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Figure u.- Close-up of control ynel of mcdel B force and moment integrator.
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